Certain guanine-rich (G-rich) DNA and RNA molecules can associate intermolecularly or intramolecularly to form four stranded or "quadruplex" structures, which have unusual biophysical and biological properties. Several synthetic G-rich quadruplex-forming oligodeoxynucleotides have recently been investigated as therapeutic agents for various human diseases. We refer to these biologically active G-rich oligonucleotides as aptamers because their activities arise from binding to protein targets via shape-specific recognition (analogous to antibody-antigen binding). As therapeutic agents, the G-rich aptamers may have some advantages over monoclonal antibodies and other oligonucleotide-based approaches. For example, quadruplex oligonucleotides are nonimmunogenic, heat stable and they have increased resistance to serum nucleases and enhanced cellular uptake compared to unstructured sequences. In this review, we describe the characteristics and activities of G-rich oligonucleotides. We also give a personal perspective on the discovery and development of AS1411, an antiproliferative G-rich phosphodiester oligonucleotide that is currently being tested as an anticancer agent in Phase II clinical trials. This molecule functions as an aptamer to nucleolin, a multifunctional protein that is highly expressed by cancer cells, both intracellularly and on the cell surface. Thus, the serendipitous discovery of the G-rich oligonucleotides also led to the identification of nucleolin as a new molecular target for cancer therapy.
genes via sequence-specific hybridization of oligodeoxynucleotides to target mRNA (the antisense approach) or genomic DNA (the antigene or triplex approach) [1, 2] . More recently, the phenomenon of RNA interference has garnered much attention and there is considerable excitement about the therapeutic potential of modified double-stranded RNA oligonucleotides (small interfering RNAs or siRNAs) that can specifically knockdown the expression of diseaseassociated genes [3, 4] . In addition to these approaches, in which the synthetic oligonucleotide recognizes a specific nucleic acid target via base pairing, several classes of oligonucleotides have been developed to target proteins or small molecules. These include double-stranded DNA oligonucleotides that act as "decoys" for specific transcription factors [5] and aptamer oligonucleotides, which bind to small molecule or proteins by shape-specific recognition [6] [7] [8] . Other prospective therapeutic oligonucleotides include those containing immunostimulatory or "CpG" motifs. These molecules act as agonists of toll-like receptor 9 (TLR9) and thereby induce release of various cytokines, making them potentially useful as vaccine adjuvants or in cancer immunotherapy [9] . Some of the strategies for using oligonucleotides as therapeutics are illustrated in Figure 1 .
While many of these strategies demonstrate considerable therapeutic promise, there are two universal problems that may limit the in vivo usefulness of oligonucleotide-based medicines. These two critical issues are the susceptibilities of oligonucleotides to degradation by serum or cellular nucleases and their ineffcient internalization by cells [10] (although this latter concern may not be applicable to aptamers that target cell surface or extracellular targets). The stability problem has been largely addressed by using oligonucleotides with chemical modifications to the nucleic acid backbone or sugars. However, the increased resistance to nuclease digestion for some of these modified oligonucleotides, especially first generation phosphorothioate analogs, is offset by their increased toxicity and reduced specificity. In cultured cells, the poor uptake of oligonucleotides has been countered by the use of various transfection methods, such as electroporation and complexation with lipids or liposomes, but none of these approaches are easily translatable to in vivo use. Several of the hybridizationdependent approaches, including antisense and siRNAs, have now progressed to clinical testing [1, 4] . Early trials using phosphorothioate antisense molecules have indicated significant toxicity and off-target effects of that backbone [1] , highlighting the need for alternative strategies.
Unusual Biological Properties of G-rich Oligonucleotides
Throughout the history of therapeutic oligonucleotide development, it has become apparent that sequences containing runs of contiguous guanine (G) bases or those that are generally Grich often have rather distinct biological properties. In the early days of antisense research, several researchers noted [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] that the biological activities of certain oligonucleotides were not due to a true antisense effect, but rather were linked to the presence of contiguous guanines and the propensities of the oligonucleotides to form quadruplex structures containing Gquartets ( Figure 2 ). Subsequently, a number of groups have described various quadruplexforming and G-rich oligonucleotides that have biological activities that are not mediated by an antisense mechanism, but are most likely attributable to the protein-binding (aptameric) effects of these oligonucleotides . While many of these observations were made by chance, aptamers generated using combinatorial methods such as SELEX (systematic evolution of ligands by exponential enrichment) frequently turned out to be capable of forming Gquadruplexes as well [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] . Researchers studying immunostimulatory oligonucleotides have also noted that inclusion of G-rich sequences in CpG-containing oligonucleotides can alter their biological properties, leading to enhanced uptake and activity in some cases [75] [76] [77] [78] [79] [80] [81] . Thus, although the antisense research community originally viewed the "non-specific" effects of Grich sequences as highly undesirable [82] , it has become clear that G-quadruplex-forming oligonucleotides can have distinct biological properties that may make them useful therapeutic agents. Indeed, since nuclease susceptibility and inefficient cellular uptake have proved to be universal hurdles in the development of therapeutic oligonucleotides, the enhanced biostability and cellular internalization of quadruplex oligonucleotides may prove to be major advantages.
Nuclease Resistance of G-rich Oligonucleotides
Most unmodified (phosphodiester) oligonucleotides have serum half-lives in the order of minutes and it had long been the dogma in the field that phosphodiester oligonucleotides could never be clinically useful because of their digestion by serum exonucleases. This problem can be addressed in most cases by the use of more nuclease-resistant backbones, such as phosphorothioates or 2′-modified analogs. However, these approaches may not be appropriate in the case of quadruplex aptamers. For example, 2′-O-modification of the ribose in quadruplex aptamers may significantly alter their three-dimensional structure and preclude binding to their intended target [27] .
Fortunately, because of the increased nuclease resistance afforded by the quadruplex structure, extensive modification may not be necessary for quadruplex-forming aptamers and it appears that phosphodiester oligodeoxynucleotides with unmodified or minimally modified (e.g. only terminal phosphorothioate linkages) backbones can be used in vivo. It is already well established that guanine nucleotides within the core of a G-quadruplex are relatively protected from chemical attack (indeed, this is the basis of several footprinting techniques that are used to investigate quadruplex structure). On the other hand, although there are numerous anecdotal references [ref] to the enhanced nuclease resistance of G-rich oligodeoxynucleotides, there have been only a few reports that specifically address this issue. Bishop et al. [ref] evaluated internally 33 P-labeled anti-HIV G-rich oligodeoxynucleotides that had phosphodiester (PO) backbones, with or without terminal phosphorothioate (PS) linkages. They found that totally unmodified PO and terminal-PS modified quadruplex oligonucleotides had half-lives in bovine serum of 5 h and 4 days, respectively. Under the same conditions, unmodified and terminal-PS modified random sequence (non-quadruplex) oligodeoxynucleotides had half-lives of about 3 min and 7 min, respectively. The role of the quadruplex structure in the enhanced nucleaseresistance was confirmed by the finding that a single G→A mutation that was expected to disrupt quadruplex formation resulted in a dramatically decreased half-life in serum (to ∼3 min). Similar findings regarding the enhanced serum stability of quadruplex-forming phosphodiester oligonucleotides were also reported by our group in Dapic et al. [27] . In that paper, we reported on 5′-32 P-labeled analogs of GRO29A (a nucleolin-binding antiproliferative oligonucleotide, which is described below) with backbones consisting of phosphorothioate DNA, phosphodiester DNA (with or without 3′-amine modification), or 2′-O-methyl RNA. All of these analogs were similarly resistant to degradation when placed in serum-containing medium. Interestingly, the unmodified phosphodiester DNA version of GRO29A was completely intact after 5 days in serum-containing medium, whereas for a random sequence of phosphodiester DNA, no full-length oligonucleotide remained after one hour [27] . Recently, the nuclease resistance of a quadruplex oligonucleotide inside live cells was demonstrated for the first time by fluorescence anisotropy [87] .
Enhanced Cellular Uptake of Quadruplex Aptamers
As with their increased nuclease-resistance, observations concerning the efficient cellular uptake for G-rich oligonucleotides are quite common, but systematic studies are few. In the study mentioned above, Bishop et al. [86] found that both the PO and terminal-PS quadruplexforming anti-HIV oligonucleotides were efficiently internalized by HeLa cervical carcinoma cells, reaching an intracellular concentration that was 8 to 10-fold higher than that in the medium. In contrast, the cellular uptake of non-quadruplex sequences was negligible. Several groups have noted that the inclusion of polyguanine runs at the ends of PS, PO and mixed PS/ PO oligonucleotides can improve cellular uptake [34, [75] [76] [77] [78] [79] [80] [81] 83, [88] [89] [90] . For example, addition of a G 10 sequence to the 3′-end of an antisense oligodeoxynucleotide increased its uptake in J774E macrophage cells by 10-fold compared to the unmodified or 3′-C 10 oligonucleotide [89] . Evidence for the differential uptake of G-rich oligonucleotides has also come from the relatively new field of immunostimulatory or "CpG" oligonucleotides. These molecules mimic bacterial DNA (since mammalian CpG dinucleotides are mostly methylated) and activate a variety of immune effector cells via their recognition by toll-like receptor 9 (TLR9). They have a number of properties that might be useful for therapeutic applications, including improving vaccine response, boosting innate immunity to pathogens, reducing allergic response and inducing anti-tumor immunity [9] . It has become clear that the activity of these oligonucleotides is directly related to their ability to bind to their target cells and become internalized [9] . Several research groups have recently discovered, either by chance or by utilizing SELEX technology to optimize cell uptake, that CpG oligonucleotides containing G-rich sequences have altered uptake [75] [76] [77] [78] [79] [80] [81] . Inclusion of G-rich sequences at the 3′-terminus was generally found to increase uptake and immunostimulatory activity, especially for phosphodiester oligonucleotides, in a variety of cells, including B lymphoma cells, dendritic cells, peripheral blood monocytes, macrophages and microglial cells [75] [76] [77] [78] [79] [80] [81] . These effects were found to be dependent on the position of the G-rich sequence [75, 81] and were associated with the formation of quadruplex structures [79, 81] . The increased cellular internalization of CpG oligonucleotides with 3′-G-rich tails was also related to their enhanced binding to cellular proteins [81] , but was independent of TLR9 [78] .
This body of evidence supports the idea that certain cell types (including cancer cells and some immune cells) preferentially internalize G-quadruplex-forming oligonucleotides, compared to unstructured sequences. However, the mechanism of their internalization remains unclear. In fact, despite more than 20 years of research, the uptake and cellular trafficking of synthetic oligonucleotides in general is rather poorly understood. Uptake appears to be dependent on oligonucleotide concentration, backbone chemistry and cell type, and most researchers believe that receptor-mediated endocytosis is the predominant mechanism [10, 91, 92] . Various proteins have been suggested as "oligonucleotide receptors", including an uncharacterized 110 kDa protein, the integrin Mac-1 on leukocytes and scavenger receptors on hepatocytes [93] [94] [95] [96] , but no consensus has yet been reached. We believe that cell surface nucleolin may play an important role in the uptake of some G-rich oligonucleotides, such as AS1411 (see discussion later in this article), but the precise mechanism is not yet defined.
Biological Effects of G-Rich Oligonucleotides
Treatment of various cell types with G-rich oligonucleotides containing PO, PS, or mixed PO/ PS backbones is associated with a diverse array of biological effects. In many cases, reports of these effects have come from researchers in the antisense or antigene fields who have noted that certain G-rich oligonucleotides have activity that is not consistent with sequence-specific hybridization to their target mRNA or DNA . The biological effects reported include inhibition of cell proliferation, induction of cell death, changes in cellular adhesion, inhibition of protein aggregation, and antiviral activity . The non-antisense antiviral effects of Grich oligodeoxynucleotides were first noted more than a decade ago, and activity was reported against herpes simplex virus, a murine leukemia virus and HIV-1 [97] [98] [99] [100] . The antiproliferative and pro-apoptotic effects of G-rich oligonucleotides have been observed in various cell types, including vascular smooth muscle cells and numerous cell lines derived from solid tumors, leukemias and lymphomas . For some oligonucleotides, in vivo antiproliferative effects were also demonstrated in tumor-bearing mice [33, 41, 45, 48, [50] [51] [52] [53] . For the most part, biologically active G-rich oligonucleotides have been shown to form Gquartet-containing structures, although the role of quadruplex formation is unclear for some [21] [22] [23] [24] 39, 40] . In many cases, antiproliferative effects have been found to correlate with protein-binding properties [21] [22] [23] [24] [25] 37, 38, 56] , but specific targets have been identified for only a few. Proteins reported as direct targets for G-rich aptamer oligonucleotides with unexpected biological activity (i.e. those not derived by SELEX) include nucleolin [25] [26] [27] [28] [29] [30] [31] , Stat3 [50] [51] [52] [53] , eEF1A [21] [22] [23] [24] and interferon-γ [18] [19] [20] . Interestingly, several reports also point to the ability of G-rich oligonucleotides to stimulate immune responses, which are distinct from those of CpG-containing sequences. These effects include pro-proliferative effects on macrophages, co-stimulation of T cells, activation of NK cells, and induction of cytokine production in peripheral blood mononuclear cells [39, 40, [101] [102] [103] [104] .
Discovery of Antiproliferative G-rich Oligonucleotides and AS1411
The science fiction writer, Isaac Asimov, once said, "The most exciting phrase to hear in science, the one that heralds new discoveries, is not 'Eureka!' but 'That's funny …'". This was certainly true in our case! In the late 1990s, we (Bates, Miller, Thomas and Trent) were evaluating the possibility of using triplex-forming oligodeoxynucleotides to modulate the expression of specific genes, with the goal of developing novel cancer-selective therapies. We decided to test the activities of our triplex-forming oligonucleotides in cultured prostate cancer cells by adding them directly to the medium (i.e. without transfection) of plated cells. However, we were not particularly optimistic that they would have any effect because of the well-known difficulties associated with using oligonucleotides in biological systems, including degradation by serum nucleases and poor cellular uptake. Our oligodeoxynucleotides were designed with phosphodiester linkages (i.e. the natural DNA backbone) and were modified at the 3′ terminus with an aminoalkyl linker to increase exonuclease resistance, based on previous reports of success with this approach in cells [105] . We were using the "purine motif" approach to triplex formation, which uses G bases to recognize G•C base pairs and T for A•T base pairs and, thus, our sequences consisted entirely of guanines and thymines. Somewhat to our surprise, we observed moderate inhibition of prostate cancer cell growth following treatment with a triplexforming oligonucleotide specific for the promoter of our target gene (uPA). However, what was most remarkable about the experiment was that the control oligonucleotide, which was a G/T-containing sequence with no complementarity to the target gene, produced by far the most robust inhibition of cancer cell growth. After confirming our observations and testing several more G/T oligonucleotides in a variety of cell lines, we concluded that the antiproliferative effects we were seeing were clearly not due to the intended mechanism of triplex formation or any other hybridization-dependent mechanism. Nonetheless, this appeared to be an interesting phenomenon, so we resolved to further investigate the therapeutic potential and mechanism of these unusual G-rich oligonucleotides or "GROs", as we called them.
Pre-clinical Development of AS1411 (formerly AGRO100)
Initial studies of GROs were carried out using GRO29A, a 3′-modified 29-nucleotide phosphodiester oligodeoxynucleotide [25] [26] [27] [28] . However, we found that the 3′-modification was not required for either nuclease resistance or activity [25, 27] and that the 5′-terminus "tail" (5′-TTT) of GRO29A was not essential for activity [26, 30, 31] . Therefore, we chose to pursue preclinical and clinical studies using the truncated 26-mer sequence, 5′-GGTGGTGGTGGTTGTGGTGGTGGTGG, which became known as AGRO100 while being developed by Aptamera, and as AS1411 after acquisition by Antisoma in 2005 (see Figure 3) . In every assay where we have tested both sequences, AS1411 has performed similarly to the original GRO29A.
One of the first things we wanted to determine was the relative activity of G-rich oligonucleotides in various cancer cell types compared to normal cells. Consequently, we evaluated AS1411 activity in numerous cell lines in our laboratories and submitted the compound for testing in the 60 tumor cell line panel at the Developmental Therapeutics Program (DTP) within the National Cancer Institute (NCI). More recently, Antisoma has examined several additional cell lines, such that AS1411 has now been tested in more than 80 human cell lines in total. Remarkably, AS1411 was found to display antiproliferative activity in almost every cancer cell type that was tested and, thus, appears to have broad therapeutic potential, as illustrated in Table 1 . Typical GI 50 values (the concentration required for 50% growth inhibition) for AS1411 are in the low micromolar range for cancer lines [ref] with a significant therapeutic window, reflected by very little effect on normal cells at these concentrations. In our earlier studies, we established the tumor-selectivity of G-rich oligonucleotides by showing that non-malignant Hs27 cells (human diploid skin fibroblasts) were unaffected by GRO29A at 10 μM, whereas cancer cell lines underwent cell cycle arrest and cell death in response to GRO29A [26] . A similar selectivity was also observed for AS1411 [30] and this is exemplified by the photomicrographs in Figure 4 . Recently, another group led by Dr. Daniel Fernandes have reported on the tumor-selectivity of AS1411 for breast cancer cells (MCF7) compared to non-malignant breast epithelial cells (MCF10A) [106] , and for acute myeloid leukemic blasts compared to normal B cells [107] . Another intriguing aspect of AS1411 activity is the time course of its effects on cancer cells [26] . Unlike most chemotherapy agents, AS1411 does not cause rapid cytotoxity when added to cells. Instead, cytostasis occurs as a result of cell division being inhibited, and induction of cell death occurs only after prolonged exposure to AS1411 (2 -4 days, depending on the cell line). This was one reason why a continuous infusion of AS1411 for 4 or 7 days was chosen as the route of administration for subsequent clinical studies.
Our next step was to assess the activity of AS1411 in animal models. Proof-of-concept data for the in vivo efficacy of AS1411 were generated in our laboratories using nude mice bearing subcutaneous xenografts derived from DU145 cells (human hormone-refractory prostate cancer). In these pilot experiments, treatment of mice with established tumors (∼ 100 mm 3 ) by intraperitoneal injection of AS1411 at doses equivalent to approximately 5 mg/kg/day, daily for the first three days and then every other day for an additional three treatments led to a significant reduction in tumor growth, whereas a control oligonucleotide had no effect (Bates, Miller, Thomas, Xu, unpublished data).
In parallel with all of the previously mentioned studies, we were also investigating the mechanism of GRO29A and AS1411 (which will be discussed later in this review) and had identified the probable molecular target of these oligonucleotides as the cancer-associated protein, nucleolin. Thus, after several years of research into the activity and mechanism of Grich oligonucleotides, which was funded largely by the Department of Defense (DOD) Prostate Cancer Research Program, we now had strong evidence that AS1411 had significant potential as a novel anticancer agent. At this point, with very few grants available for translational research at that time, we concluded that the most efficient way to transfer our discovery to the clinical setting would be via a biotechnology company. Hence, we (Bates, Miller, Trent) founded Aptamera, Inc., based in Louisville, Kentucky, with the goal of taking AS1411 from the bench to the bedside.
The company, in the capable hands of experienced business and scientific officers, and with support from local investors, state incentives, city development programs and the University of Louisville, was able to achieve this goal in a little over two years. In pre-clinical toxicology studies, AS1411 was administered to rats as a single intravenous (i.v.) infusion (over 30 min) at doses of up to 100 mg/kg, and was given to both rats and dogs as a 96 h continuous infusion at doses of up to 10 mg/kg. No toxic effects of AS1411 were observed in any animals at any dose tested, as assessed by gross necropsy, histopathology of all organs, clinical chemistry and hematology [8, 108] . The pharmacokinetics of AS1411 were studied in nude mice bearing tumor xenografts using a radiolabeled (tritiated) oligonucleotide. After single i.v. injections at 1, 10, 25 mg/kg, the 3 H-labeled AS1411 was eliminated in a biphasic manner, with 63% of the AS1411 being rapidly eliminated in urine within 5 h and a β-phase elimination half-life in blood of 2 days [8, 108] . Biodistribution studies also suggested that AS1411 could accumulate selectively in the tumors of these animals [8, 108] . Additional in vivo efficacy studies (using i.v. dosing at 5 -40 mg/kg/day for 5 days) were carried out and demonstrated activity in other xenograft models, including A549 non-small cell lung cancer, A498 renal cell carcinoma, SKMES lung cancer, and MX1 breast cancer. There was also evidence of activity in pancreatic cancer xenografts (PANC-1) for the combination of AS1411 with gemcitabine [8, 108] .
Clinical Studies of AS1411
In September 2003, Dr. Damian A. Laber as the Principal Investigator initiated the first phase I study of AS1411 (known at the time as AGRO100) at the University of Louisville's James Graham Brown Cancer Center (Louisville, KY), sponsored by Aptamera. To the best of our knowledge, this represented a number of firsts, including the first-in-human anticancer aptamer and the first-in-class drug known to specifically target nucleolin.
Initially, this phase I clinical trial involved patients with a variety of advanced solid tumors who had documented progressive metastatic disease at the start of the trial (many had received multiple previous treatments) and who were incurable with currently available therapies. The design of the trial was a standard dose escalation scheme, enrolling three patients per dose, beginning at 1 mg/kg/day. The AS1411 was delivered by continuous intravenous infusion for 4 days and later escalated to 7 days. Patients were assessed every 28 days with laboratory and imaging studies. All patients received 1 cycle of AS1411. A second cycle was allowed, at the discretion of the investigator, in patients who achieved at least stable disease after more than 2 months. The results from these first 17 patients indicated that AS1411 was very well tolerated with no reports of any severe adverse events related to drug administration [109] [110] [111] . Also, there was evidence of clinical activity, with one patient who had metastatic renal cell carcinoma (RCC) achieving a partial response (PR) at 4 months after AS1411 treatment, which eventually became a complete response (CR) by 11 months, and an additional seven patients having disease stabilization for 2 months or more [109] [110] [111] . These results looked particularly promising for renal cell carcinoma, with all three of the RCC patients on this trial achieving some clinical benefit (the one patient having a CR and two additional patients having disease stabilization of ≥ 9 months duration [109] [110] [111] ).
With this early stage clinical data supporting the safety and therapeutic potential of AS1411, Aptamera Inc. was acquired in early 2005 by the British pharmaceutical firm, Antisoma, PLC. They continued the Phase I trial at the Brown Cancer Center in order to determine the maximum tolerated dose (MTD), or to reach a pre-determined limit for dose escalation of 40 mg/kg/day, whichever came first. The inclusion criteria were restricted to patients with advanced renal cell carcinoma or non-small cell lung cancer (NSCLC) in order to clarify the early promising results in these groups of patients. The preliminary results of the completed Phase I study (a total of 30 patients) have been presented at several national and international meetings [112, 113] and appear to confirm the lack of serious toxicity and encouraging signs of activity, including objective responses; detailed findings have now been submitted for publication. Several features of the clinical effects of AS1411 are especially interesting from a mechanistic perspective. For example, the timing of the responses (tumor shrinkage over a period of several months after a single dose of AS1411) and the duration of clinical benefit (several patients with long term disease stabilization or responses) are unusual [109] [110] [111] [112] [113] .
On the basis of these findings and other supporting preclinical data, Antisoma has initiated two phase II clinical trials, one in acute myeloid luekemia and one in renal cell carcinoma. The first Phase II trial opened at several institutions in late 2007 to treat patients with relapsed or refractory acute myeloid leukemia (AML). The choice of AML as an indication was based on positive pre-clinical experiments performed by Antisoma and the Fernandes group [107, 114] .
The trial is designed to compare the activity of AS1411 in combination with cytarabine versus cytarabine alone in subjects with relapsed and refractory AML. Therapy will consist of two cycles of AS1411 as 7-day continuous intravenous infusions at 10 or 40 mg/kg/day combined with 1.5 g/m 2 of cytarabine every 12 h during the last four days of treatment, or cytarabine alone. The preliminary results, which were recently announced in a press release from Antisoma, are encouraging. AS1411 has also recently progressed to Phase II clinical testing in renal cell carcinoma (RCC). A multi-institutional trial will involve 30 RCC patients who are intolerant to or who have relapsed after treatment with a tyrosine kinase inhibitor. Subjects will receive AS1411 monotherapy as two 4-day infusions at 40 mg/kg/day 28 days apart.
Mechanism of Action of AS1411 and Related G-rich Oligonucleotides
Clearly, elucidating a detailed molecular mechanism of action for a drug that was discovered by serendipity rather than rational design represents a rather formidable challenge! Thus, our strategy for investigating the mechanism of antiproliferative G-rich oligonucleotides was to first pursue the following fundamental questions: What are the characteristics of GROs that are important for activity? What is the molecular target of GROs? What are the effects of GROs on cells? What is the role of the presumed molecular target in mediating the cellular effects of GROs? The results of our studies attempting to address these questions are described below.
Identification of Nucleolin as the Primary Molecular Target of GROs
In our early studies, we focused on four G-rich oligodeoxynucleotides (all with a phophodiester backbone and 3′-aminoalkyl modification) with unrelated sequences and varying degrees of antiproliferative activity against cancer cells [25] . For the two most active GROs (GRO29A, GRO15A), there was evidence of stable quadruplex formation [25] , which was assessed using a UV melting technique. We also observed the formation of a specific protein complex in the presence of active GROs by performing electophoretic mobility shift assays (EMSAs) using radiolabeled oligonucleotides incubated with cancer cell extracts. In contrast, there was no evidence for formation of the quadruplex structure and the specific protein complex was greatly decreased for the two GROs that were less active (GRO26A, GRO15B). Hence, we concluded that the biological activities of GROs likely depend on quadruplex formation and arise from an aptameric effect via targeting of a specific GRO-binding protein.
Clues to the identity of this putative target protein came from UV crosslinking studies, which showed that the GRO-binding protein migrated at ∼ 110 kDa on a denaturing polyacrylamide gel, and from southwestern blotting, which identified a band of the same size [25] . In accord with the EMSAs, the band corresponding to the GRO-protein complex in both the southwestern and crosslinking assay was evident when using active GROs, but was barely visible with the less active GROs. We also carried out competition studies using a radiolabeled 24-mer DNA oligonucleotide corresponding to the human single-stranded telomere region ("TEL", 5′-T 2 AG 3 T 2 AG 3 T 2 AG 3 T 2 AG 3 ), which is well known for its ability to fold into a quadruplex structure. Our experiments indicated that TEL could also bind the 110 kDa GRO-binding protein. Furthermore, when unlabeled GROs were co-incubated with radiolabeled TEL and cancer cell extracts, active GROs were able to compete with TEL for protein binding (i.e. the shifted radiolabeled band disappeared), whereas inactive GROs did not [25] . We subsequently adopted this competition EMSA as a standard method to assess GRO protein binding [27, 28] , since it requires labeling of only one oligonucleotide and allows the GROs to be compared in their natural (non-labeled) forms. Additional studies examining several series of G-rich oligonucleotides confirmed our original observations that antiproliferative activity requires both quadruplex structure and formation of this specific protein complex [27, 28] . Notably, although necessary, quadruplex formation in itself was not sufficient for activity [27, 28] .
Based on observations of TEL-binding and apparent molecular weight, we hypothesized that the GRO-binding protein might be nucleolin, a protein that migrates at ∼ 110 kDa and which had been reported previously as a protein that binds telomere DNA [115, 116] . To test this idea, we used biotinylated GROs and streptavidin-linked magnetic beads to capture GRO-associated proteins, and then carried out western blots using nucleolin antibodies. This showed specific precipitation by an active GRO of a protein recognized as nucleolin [25] . Our confidence in these results was further increased by two reports from the group of Dr. Nancy Maizels, which appeared shortly after we carried out these experiments, identifying nucleolin as a protein that bound selectively to quadruplex structures from IgG switch regions and ribosomal genes [117, 118] . Using constructs kindly provided by Dr. Maizels [117] , we were able to confirm binding of AS1411 to recombinant fragments of nucleolin consisting of the RNA binding domains and RGG region (Bates, unpublished) . In later studies, we also showed by western blotting and mass spectrometry fingerprinting that biotinylated AS1411 could precipitate endogenous nucleolin from cell extracts or whole cells [30, 31] .
A question we are frequently asked is whether nucleolin is the only protein that is pulled down by AS1411? In fact, using mass spectrometry analysis, we were able to identify at least 15 proteins that were specifically precipitated by AS1411 after in vitro incubation with cell extracts [30, 119] . However, there are a number of reasons we have focused on nucleolin as the primary target of GROs. The first is that our studies have suggested that this is the only protein that binds directly to active GROs (as evidenced by UV crosslinking and southwestern blotting [25] ). Secondly, we have shown that the antiproliferative activities of several series of GROs are correlated with formation of the specific nucleolin-containing protein complex [25, 27, 28] . Another reason is that nucleolin is present on the cell surface and therefore easily accessible. We also know that nucleolin can be precipitated by AS1411 after incubation with cancer cells, whereas it remains to be seen if some of the other proteins can associate with AS1411 in intact cells. In addition, it may be that some of the GRO-precipitated protein are not bound to GRO directly, but are instead associated in a complex with nucleolin [30, 31] . Thus, although we continue to investigate the role of other proteins in the GRO mechanism, at present we believe that nucleolin is the primary molecular target of AS1411.
Cellular Responses to GRO29A and AS1411
Soon after identifying GRO29A as an antiproliferative agent, we began to examine the effects of this molecule on the metabolism and cycling of cancer cells [26] . By flow cytometry analysis of propidium iodide-stained cells, we observed an accumulation of GRO29A-treated cancer cells in the S phase of the cell cycle, which was apparent by 24 h and was very pronounced at 72 h after treatment. Induction of cell death with a similar time course was also indicated by the appearance of a sub-G1 peak. Both of these effects were specific for GRO29A compared to a much less active control GRO and for cancer cells compared to non-malignant cells. The effect on cell cycle was found to be independent of the starting phase of the cells and did not occur at a particular boundary, indicating that this is not a typical arrest of the cell cycle caused by checkpoint activation. Instead, the cells appeared to gradually accumulate in S phase over the course of several cycles, suggesting that DNA replication is arrested or severely hindered [26] . This postulate was confirmed by BrdU incorporation experiments, which showed a pronounced cessation of DNA synthesis in GRO29A-treated cells. In contrast, RNA and protein synthesis (assayed by BrU and 35 S-methionine incorporation, respectively) were not inhibited [26] . When a series of six oligonucleotides were examined using an in vitro DNA replication assay, their inhibitory effects on DNA replication in this assay were correlated with their antiproliferative effects against cancer cells. In the in vitro tests, the inhibitory effects were related to the ability of oligonucleotides to block the unwinding activity of the exogenous helicase (SV40 large T antigen) required in this assay [26] . This suggests that inhibition of endogenous helicases may contribute to GRO activity in cancer cells, although this has yet to be confirmed. Whether there is a role for nucleolin in this effect is not yet known, although it is noteworthy that nucleolin is an important regulator of DNA replication [120, 121] .
A major area interest in the Bates' laboratory has been the mechanism of GRO-induced cell death. We noted in our 2001 publication [26] that although there was clear evidence of cell death in GRO29A-treated cells using both flow cytometry analysis and TUNEL staining, the morphology of treated cells (greatly enlarged cell size) was not consistent with apoptosis. Recently, we have presented evidence that AS1411, at least in some cell lines, can induce nonapoptotic cell death [122] .
In the course of investigating the role of nucleolin and other associated proteins in the mechanism of GRO activity, we have also uncovered several other cellular responses to AS1411, including inhibition of NF-κB signaling [30] and induction of tumor suppressor gene expression [31] , which are described in more detail below.
Possible Role of Cell Surface Nucleolin in AS1411 Activity
In trying to develop a model that might explain the unusual and tumor-selective effects of GROs, we tried to incorporate our knowledge of the distinguishing features of the drug molecule and its presumed target. One unusual property of the GROs, which distinguishes them from other types of oligonucleotide therapies, is their ability to exert potent effects on cultured cells in the absence of a transfection agent. This suggested to us that the target of GROs was a cell surface protein or that there was some mechanism that led to GROs being readily internalized into cancer cells (or both of these possibilities). Although in our original report [25] , uptake of 5′-32 P-labeled GRO did not appear to be significantly different than other sequences (possibly because cellular phosphoesterases cleave the 5′-radiolabel), subsequent studies using more appropriate methods (flow cytometry or confocal microscopy using fluorescenty-labeled oligonucleotides) have shown enhanced cancer cell uptake of AS1411 compared to non-G-rich sequences ( [106] and Bates, unpublished) .
At the time when we identified nucleolin as the GRO molecular target, very little was known about the specific role of this protein in cancer, although it was well established that high levels of nucleolar nucleolin (a major component of silver staining AgNOR proteins) were an indication of a high rate of cell proliferation and a poor clinical prognosis [123] . Nucleolin was generally considered at that time to be a predominantly nucleolar protein, although it was recognized that it could shuttle between the nucleus and cytoplasm [124] . However, we noted in our original paper that nucleolin was also present at high levels in the plasma membranes of cancer cells [25] . This observation was in accord with earlier reports from several other groups who had reported on the cell surface localization of nucleolin and its role as a cell surface receptor [125] [126] [127] [128] [129] [130] .
Based on this knowledge, we hypothesized that cell surface nucleolin is selectively expressed in cancer cells compared to normal cells, and that it mediates the binding and uptake of AS1411 in cancer cells. We predicted that most normal cells contain little or no surface nucleolin and would not be able to bind or take up AS1411, thus explaining its tumor selective effects (see Figure 5 ). By staining fixed but non-permeabilized cells with nucleolin antibody, we were able to show higher levels of surface and cytoplasmic nucleolin in several types of cultured cancer cells compared to Hs27 non-malignant fibroblasts [131] . Unfortunately, this method of detection did not provide uniform surface nucleolin staining in solid tumor tissues, so we have not yet been able to test our hypothesis using clinical specimens. Recently, another group reported on the tumor-selective expression of surface and cytoplasmic nucleolin in MCF7 breast cancer cells compared to MCF10A non-malignant breast cells [106] and in AML blasts compared to normal B cells [107] .
Since the time of our original observations, there have been dozens of additional reports describing the presence of nucleolin in the cytoplasm or on the cell surface (reviewed in [132] ). The presence of nucleolin in the plasma membrane was initially controversial, since the protein contains no transmembrane domain and is transported to the surface via a nonclassical mechanism [133] , but there are now numerous studies providing additional compelling evidence for the presence of nucleolin on the cell surface . Furthermore its involvement in mediating a wide range of pathways, including endocytosis [134] [135] [136] , cellular adhesion [137] [138] [139] [140] , signal transduction [138] [139] [140] [141] , and as a receptor for various pathogens [144] [145] [146] [147] [148] [149] , has now been established. Perhaps most relevant in this case are several recent papers that provide strong support for the idea that surface nucleolin is a useful cancer target by demonstrating that it can mediate tumor-specific uptake and anti-tumor activity of targeted ligands in live animals. The first of these comes from Ruoslahti and colleagues who found that a tumor-homing peptide named F3, which was derived by phage display, works by targeting nucleolin protein [153] . They showed that nucleolin was expressed at high levels on the surface of cancer cells and tumor-associated angiogenic endothelial cells, and that a nucleolin monoclonal antibody was selectively taken up by tumors in a mouse model of breast cancer [154] . The second paper from Shi et al. [155] described cell surface nucleolin as a receptor that mediates the anti-angiogenic and anti-tumor effects of endostatin, an endogenous angiogenesis inhibitor, in a mouse model of melanoma. Most recently, a group led by Dr. Ara Hovanessian demonstrated that their nucleolin-binding pseudopeptide (HB-19) could also suppress tumor growth and angiogenesis in mouse models, while displaying no toxicity to normal cells [156] . In addition to these papers focused on the cell surface protein, there is mounting evidence that overexpression of nucleolin in general may play a direct role in the process of malignant transformation and progression [132, [157] [158] [159] [160] [161] [162] .
Possible Roles for Intracellular Nucleolin in AS1411 Activity
The next important questions we asked are how does binding of AS1411 affect nucleolin activity and how does that lead to cancer cell death? These turned out to be rather challenging questions, in large part because nucleolin is a remarkably multi-functional and dynamic protein [132, [163] [164] [165] [166] . It is known to interact with hundreds of other molecules (proteins, nucleic acids, peptides, nucleotides and sugars) and has been reported as a regulator of a similarly high number of cellular processes, including ribosome biogenesis, DNA replication, transcription, translation, chromatin remodeling, apoptosis, cytokinesis, protein trafficking and telomere maintenance [132, [163] [164] [165] [166] . We began by looking for obvious changes in nucleolin levels or stability that occurred specifically in AS1411-treated cells, but did not detect any. Therefore, we concluded that AS1411 binding was affecting the molecular interactions between nucleolin and its binding partners, which would lead to alterations in nucleolin-dependent pathways. In light of the characteristics of nucleolin noted above, we felt it would be impractical to examine each partner or function in turn. Consequently, in collaboration with other investigators at the Brown Cancer Center, we turned to proteomics analysis to allow us to identify candidate nucleolin-associated proteins that were affected by AS1411.
One of the first proteins we investigated was NEMO (also called IKKγ), a protein that was originally identified as a candidate GRO-associated protein after it was co-precipitated (with several other proteins, including nucleolin) from cancer cell extracts using a biotinylated version of AS1411 [30] . This protein was of interest to us because of its essential role in canonical NF-κB signaling, a pathway which is closely linked to the chemoresistance of cancer cells [167] and which had previously been reported to be inhibited by other types of G-rich oligonucleotides [33] . After confirming that our observation was not simply an in vitro artifact (by showing that NEMO from cancer cells treated with biotinylated AS1411 using streptavidincoated beads), we demonstrated that the activity of the NEMO-containing IKK complex was markedly inhibited in AS1411-treated cells [30] . The IKK complex normally phosphorylates the cytoplasmic inhibitor, IκBα, thereby releasing NF-κB for translocation to the nucleus where it can activate target gene expression. Thus, we predicted that AS1411 would block activation of NF-κB and, as expected, we observed strong inhibition of both TNFα-stimulated and constitutive NF-κB signaling in a variety of AS1411-treated cancer cell lines [30] . Although we initially assumed that NEMO was bound directly to AS1411, our studies led us back to nucleolin as the likely mediator of the AS1411-NEMO association. In untreated or controltreated cells, a small amount of nucleolin-NEMO complex could be detected in the cytoplasm. However, in AS1411-treated cells, the levels of this complex were substantially enhanced suggesting that AS1411 can bind to the nucleolin-NEMO complex and stabilize it, thus sequestering NEMO activity and inhibiting the IKK-mediated activation of NF-κB [30] . The results suggest that inhibition of the pro-survival NF-κB pathway may contribute to the antiproliferative effects of AS1411. Furthermore, our paper provided the first evidence that nucleolin may play an important role in regulating this pathway.
Our next paper focused on protein arginine methyltransferase 5 (PRMT5), a protein that was identified by mass spectrometry in a screen for nucleolin-associated proteins [31] . Our strategy for this research was to immunoprecipitate nucleolin from prostate cancer cells that were untreated, control-treated or AS1411-treated. We utilized both immunoprecipitation of endogenous nucleolin and capture of FLAG-tagged nucleolin from cells that were transiently transfected with the appropriate plasmid. Immunoprecipitations were carried out using nuclear or cytoplasmic extracts prepared from control or AS1411-treated cells and then analyzed on one-dimensional SDS-polyacrylamide gels to identify protein bands of interest. PRMT5 was identified by MALDI-TOF fingerprinting and confirmed by western blotting as a specific nucleolin-associated protein. The levels of nucleolin-associated PRMT5 were found to be dramatically decreased in the nucleus of AS1411-treated cells, but increased in the cytoplasm, in a dose-dependent and time-dependent manner. This AS1411-induced translocation was apparently dependent on nucleolin because it was not observed in cells where nucleolin was downregulated by siRNA [31] . We also showed that the activity of PRMT5, which catalyzes the formation of symmetrically dimethylated arginine (sDMA), was similarly shifted from the nucleus to the cytoplasm, as assessed by levels of proteins recognized by an antibody specific for sDMA residues. In contrast, levels of asymmetric dimethylation of arginine (aDMA), which is catalyzed by another enzyme (primarily PRMT1) were unaffected by AS1411, indicating the specificity of this effect. One of the reasons why we focused on PRMT5 is that this gene is increasingly being recognized as an oncogene that functions in the nucleus by methylating histone arginines, leading to transcriptional repression of various tumor suppressor genes [168] . Since AS1411 causes a decrease in nuclear PRMT5, we reasoned that PRMT5 target genes should be de-repressed (i.e. re-expressed) in AS1411-treated cells. This was found to be the case with the tumor suppressor gene ST7 and cell cycle regulator cyclin E2, and it was confirmed by chromatin immunoprecipitation (ChIP) to be associated with decreased levels of PRMT5 at these gene promoters [31] .
Thus, we had identified a second nucleolin complex whose function (and also location) was altered by AS1411. It seems likely that re-expression of genes that are silenced by PRMT5 may contribute to the antiproliferative effects of AS1411. Moreover, our work to this point has provided strong support that nucleolin, both at the surface and inside the cell, is the critical determinant of AS1411 activity. It has also suggested that the effects that we see on PRMT5 and NEMO are representative of a much more general mechanism for AS1411, in which binding of the GRO to nucleolin results in dysfunction or mislocalization of numerous nucleolin-containing complexes. Since nucleolin plays multiple roles in cancer cell survival, we predict that the end result will be a pleiotropic anticancer effect (see Figure 5) . Support for this idea has come from our recent proteomic studies [169] showing that the majority of nucleolin-associated proteins we have identified by mass spectrometry techniques have perturbed nuclear-to-cytoplasmic ratios in AS1411-treated cells. Interestingly, some nucleolin complexes were translocated from nucleus to cytoplasm (like PRMT5), whereas others were increased in the nucleus and decreased in the cytoplasm, perhaps suggesting a general effect of AS1411 on nucleolin's nuclear-cytoplasmic shuttling function. Further validation of our model has come from a recent paper by Soundararajan et al. [106] , who reported that AS1411 causes decreased binding of cytoplasmic nucleolin to Bcl-2 mRNA. Since nucleolin stabilizes this mRNA [157] , the result is a decrease in levels of the anti-apoptotic Bcl-2 protein, which will presumably contribute to the anticancer effects of this molecule. Another group has reported that AS1411 can increase BMP-2 mRNA stability and protein levels, although this occurs only in mycoplasma-infected cells [170] .
AS1411 Affects Only Certain Forms of Nucleolin
While most of the data seem to support our hypothesis that AS1411 affects the nuclearcytoplasmic trafficking of nucleolin complexes, there was one major inconsistency: Why do we not see any changes in the nuclear/ cytoplasmic ratio of nucleolin itself? We believe that our recent studies [31] may have provided a compelling answer to that question. While examining the effects of AS1411 on the PRMT5-nucleolin complex, we wondered what proportion of the total PRMT5 existed in a complex with nucleolin, and conversely, how much of the total nucleolin was in a complex with PRMT5? To try to estimate this, we quantified bands from western blots in order to compare total precipitated PRMT5 or nucleolin with bands that represented nucleolin-precipitated PRMT5 or sDMA-modified nucleolin. This latter measure was used as a surrogate for PRMT5-associated nucleolin (since we had shown that PRMT5 can modify nucleolin by sDMA [31] ) because the PRMT5 antibody was not very effective for immunoprecipitation. Although this was only a semi-quantitative method, it was clear that, whereas the majority (approximately 80%) of PRMT5 was precipitated with nucleolin, only a small proportion (approximately 5%) of the nucleolin was in a complex with PRMT5. This would explain why we could observe the nuclear-to-cytoplasmic shift of PRMT5 by simple western blotting of extracts, yet we were unable to observe any major change when examining levels of nucleolin. Furthermore, by specifically examining the sDMA-modified form of nucleolin, we were able to detect a nuclear-to-cytoplasmic translocation comparable to that seen with PRMT5 [31] . Therefore, we believe that only a small subset of the total nucleolin molecules in the cell is affected by AS1411. We have identified sDMA-modified nucleolin as one target, but it is not yet clear if there are other specific post-translationally modified forms of nucleolin that are also affected.
Comparison of AS1411 with other G-rich Oligonucleotides
It appears that we are one among a small number of groups who are developing GROs as potentially therapeutic agents, although, to the best of our knowledge, AS1411 is the only GRO to have yet been tested as an anticancer agent in human clinical trials. Interestingly, many of the sequences under development are also unmodified, or minimally modified, phosphodiester oligodeoxynucleotides that have been discovered through serendipitous observations of activities that are dependent on the presence of G-rich repeats or quadruplex formation. Other sequences being investigated include telomere homologs or "T-oligos" with (TTAGGG) n repeats [41] [42] [43] [44] [45] [46] [47] [48] [49] 57, 61] , DZ13 [54] [55] [56] , T40214 [50] [51] [52] [53] , G20 [58, 59] , "GT oligonucleotides" [21] [22] [23] [24] and a c-myc promoter sequence [34] . There have been no systematic studies to compare the effects and mechanisms of these diverse G-rich sequences, but it is striking that there are some conserved activities among them. These include tumor-selective antiproliferative effects [23, 26, 41, 45, 46, 48, 59, 106] , cell cycle perturbations [26, 44, 45, 52, 59] , non-apoptotic cell death [26, 41, 55, 60] , induction of DNA damage responses [45, 49, 57, 61] , inactivation of NF-κB signaling [30, 33, 47] , Stat3 inhibition [41, 50, 51, 60] and downregulation of Bcl-2 protein [52, 106] . On the other hand, in the few papers where oligonucleotides have been specifically compared, there are also observed differences between sequences [24, 56, 59] .
Ongoing Studies and Future Directions
Development of AS1411 has been, and continues to be, an enormously collaborative effort involving a large number of scientists and physicians, principally from the University of Louisville and the Brown Cancer Center, as well as investigators at Antisoma and, previously, Aptamera. As AS1411 moves forward through Phase II clinical trials, we continue to address remaining questions about the activity and mechanism of action of this molecule. In collaboration with Antisoma, we are searching for biomarkers that can monitor response to AS1411 and predict which patients will be most responsive to the drug. With support from NCI and DOD, we continue to probe the detailed molecular mechanism of AS1411 and further investigate the fascinating biology of nucleolin. In projects led by Dr. John O. Trent at the University of Louisville, we are working to solve the structure of AS1411 (in collaboration with Drs. Andrew N. Lane, and J. Brad Chaires) and to develop small molecule inhibitors of nucleolin. In the future, we look forward to working with other colleagues to investigate the use of aptamers to achieve tumor-targeted delivery of therapeutic or imaging agents, and perhaps to investigate the role of other cell types (e.g. immune cells and endothelial cells) in mediating the effects of G-rich oligonucleotides. Our progress in all of these endeavors has been facilitated by the collegial atmosphere, strong leadership and state-of-the-art core facilities at the Brown Cancer Center. In particular, the alliance of several individuals at the Brown Cancer Center who have expertise in the biology, structure and biophysics of quadruplex nucleic acids, combined with the translational mindset of the institution, has enabled this exciting bench-to-bedside journey. Cartoon showing different approaches using oligonucleotides (oligos) as targeted therapeutic agents. G-rich oligonucleotides appear to function as aptamers to various proteins. In the case of AS1411, the target protein is believed to be nucleolin. This figure shows the hydrogen-bonding arrangements (left) for a G-quartet (top) and a G•C base pair (bottom), as well as schematic illustrations (middle) and molecular models (right) for quadruplex and duplex DNA. The quadruplex shown is one possible conformation of the human telomere sequence (PDB accession code 143d). AS1411 has been shown to form a quadruplex and its detailed molecular structure is currently being investigated. We propose that the cellular uptake of AS1411 is dependent upon cell surface nucleolin. Because cancer cells have high levels of surface nucleolin compared to normal cells, this would explain the preferential uptake and activity of AS1411 in malignant cells. We also propose that AS1411 causes pleiotropic antiproliferative effects because it interferes with some of the normal functions of nucleolin, which plays a role in many cancer-associated pathways. Some of the nucleolin complexes that are affected by AS1411 have already been identified, including those with PRMT5, NEMO and Bcl-2 mRNA (see text for details).
